A total of 39 strains assigned to the strictly anaerobic species Butyn'vibrio Jibrisolvens were examined for deoxyribonucleic acid (DNA) relatedness. The guanine-plus-cytosine (G+ C) base contents determined from the buoyant densities of chromosomal DNAs of 27 strains were 39.0 to 42.0 mol%. Another nine strains had G+C contents of 42.0 to 45.0 mol%, and three other strains had higher G+C contents (46.4 to 49.2 mol%). Genetic relationships among the strains were determined by DNA hybridizations, using both spectrophotometric and membrane filter techniques. The relationships derived by both methods are compared. The G+C content and hybridization results indicate that the strains comprise a genetically heterogeneous group, representing a number of distinct species. Strain D1, the type strain of B . Jibrisolvens, was not closely related to any of the  other 38 strains. Five groups of related bacteria, encompassing 20 B utyrivibn' o strains, were identified as forming five separate species. The largest group identified by DNA relatedness as belonging to the same species contained only six strains. The other 19 strains were not closely related to any other strain.
The genus Butyrivibrio is composed of obligately anaerobic, curved rod-shaped bacteria that ferment carbohydrates with production of large amounts of butyric acid. Members of the genus Butyrivibrio occur widely in nature and are among the most numerous bacteria isolated from the gastrointestinal tracts of animals fed a wide variety of rations. Strains have been isolated in high numbers from the rumina of cattle (4), sheep (8), Zebu cattle (27), goats (11), Alaskan reindeer (lo), and Svalbard reindeer (31) and from the ceca of sheep (25) and pigs (32). These strains show great phenotypic variability and are capable of fermenting a wide variety of substrates (4, 7, 8, 17, 22) . Because of these characteristics butyrivibrios are probably one of the most important bacteria involved in gastrointestinal tract fermentation.
The genus was originally described by Bryant and Small (4) and contained a single species, Butyrivibrio jibrisolvens. These workers isolated 48 strains of butyrivibrios, but found so much variation in the morphological and physiological characteristics of the strains that no attempt was made to define additional species. Since then, a number of other new strains have been added to the genus, and these strains also display much phenotypic diversity. In the absence of a comprehensive genetic and taxonomic analysis, new isolates routinely have been classified as Butyrivibrio jibrisolvens, although there are obvious differences among these isolates.
Several attempts have been made to subdivide the genus. Hungate (22) proposed the addition of another species, "Butyrivibrio alactacidigens," to accommodate those strains that do not produce lactic acid in the fermentation of carbohydrates. Shane et al. (35) proposed dividing the genus into two groups based on the nutritional requirements of the strains and their ability to utilize or produce lactate, acetate, and formate. Moore et al. (29) isolated strains from human feces and rectal contents and described a new species, Butyrivibrio crossotus. Hazlewood et al. (18) produced monoclonal antibodies against strain PI-7 and found that some of the antibodies could be used to group butyrivibrios. While all of these studies have begun to elucidate some of the relationships of the members of the genus Butyrivibrio, clearly, additional studies are needed to reorganize the genus.
At present, the taxonomic state of the genus Butyrivibrio is somewhat confusing, and several authors have indicated that a genetic analysis of the strains would be useful (11, 25, 31) . In this study I examined 39 strains classified as Butyrivibrio fibrisolvens for deoxyribonucleic acid (DNA) relatedness. The genetic relationships of the strains were analyzed by DNA hybridization and by determining guanine-pluscytosine (G + C) base compositions. DNA hybridization experiments were performed by using both a spectrophotometric method and a membrane filter method. My results indicate that the strains presently classified in the species B. Jibrisolvens actually comprise a number of distinct species and, possibly, several genera.
MATERIALS AND METHODS
Bacterial strains. The strains of Butyrivibrio used in this study are listed in Table 1 .
Bacterial growth and cell lysis. Strains of Butyrivibrio jibrisolvens were grown anaerobically in RGM medium containing glucose as the carbon source. RGM medium contains (per liter) 3.0 g of Trypticase, 2.0 g of yeast extract, 10.0 ml of cysteine hydrochloride (5.0%, wtlvol), 20.0 ml of sodium carbonate (8.0%, wtlvol), 10.0 ml of hemin-naphthoquinone (0.01%, wtlvol), 50.0 ml of mineral solution 1 (0.6% K,HPO,), 50.0 ml of mineral solution 2 (249, 1.0 ml of R1 salts (21), 30.0 ml of a volatile fatty acid solution (24), 1.0 ml of resazurin (0.1%, wthol), and a carbohydrGe carbon source at a concentration of 0.25%. The medium was boiled under 20% carbon dioxide-80% nitrogen, and this was followed by autoclaving. The carbohydrate carbon source, sodium carbonate, and cysteine hydrochloride solutions were prepared separately and added to the medium after autoclaving.
For cell lysis, cells were harvested by centrifugation in late log phase and were washed at least three times with wash buffer containing 20 mM PIPES [piperazine-N, N'bis(2-ethanesulfonic acid)] (pH 6.8), 250 mM NaCl, and 1 mM ethylenediaminetetraacetic (EDTA) to remove extracellular polysaccharide material from the cells. Cell pellets were suspended in TEL buffer containing 50 mM tris (hy-droxymethy1)aminomethane (Tris) hydrochloride (pH 8.0) and 20 mM EDTA, lysozyme was then added to a concen-IP: 54.70.40.11
On: Tue, 11 Dec 2018 02:22:03 VOL. 38, 1988 DNA RELATEDNESS AMONG B . FZBRZSOLVENS STRAINS 341 ' G+C conents are based on the mean of three or more determinations for each strain. tration of 10 mg/ml, and the suspension was incubated at 37°C for 10 min. Sodium dodecyl sulfate was added to a concentration of 1% (wthol), the preparations were gently mixed, and the mixtures were incubated at 60°C for 15 min. All Butyrivibrio~brisolvens strains tested were lysed by this method, although the strains required varying amounts of lysozyme. Some strains, like strain 49, required less than 1 mg of lysozyme per ml, while other strains, like strain H4a, required almost 10 mg/ml. In general, I used 10 mg of lysozyme per ml. DNA isolation and determination of G+C contents. Highmolecular-weight chromosomal DNA was isolated by using a modification of the method of Berns and Thomas (1). Cell lysates were gently extracted four times with Tris-phenol. The DNA was precipitated with 2 volumes of ethanol, suspended in TE buffer (10 mM Tris hydrochloride, pH 8.0, 1 mM EDTA), and treated with 100 pg of deoxyribonuclease-free ribonuclease A (Sigma Chemical Co., St. Louis, Mo.) per ml and 100 pg of protease (Sigma) per ml at 37°C for 1 h. The DNA solution was then gently extracted twice more with Tris-phenol and twice with phenol-chloroform. The DNA was precipitated with 0.6 volume of isopropyl alcohol, suspended in TE buffer, and dialyzed extensively against TE buffer.
DNA concentrations were estimated spectrophotometrically at 260 nm, colorimetrically by the diphenylamine method as modified by Burton (9, and by ethidium bromide fluorescent quantitation (26). DNA purity was checked by scanning the absorbancy of the DNA samples between 200 and 400 nm and by monitoring the ratios of absorbance at 260 nm to absorbance at 280 nm and the ratios of absorbance at 260 nm to absorbance at 230 nm. Purification was repeated if the ratio of absorbance at 260 nm to absorbance at 280 nm of a DNA preparation was less than 1.8, if the ratio of absorbance at 260 nm to absorbance at 230 nm was less than 2.0, or if the DNA concentration values obtained by the three quantitation methods were not in agreement. With good DNA preparations the DNA concentration values for each sample obtained spectrophotometrically, colorimetrically, and by the ethidium bromide fluorescence method deviated by less than 20%. The quality of the DNA was further assessed by electrophoresis on 1.0% agarose gels and by thermal melting profiles. The DNA preparations showed no extensive shearing or degradation and gave hyperchromicity values between 36 and 40%.
The G+C contents of chromosomal DNAs were calculated from the buoyant density values measured by cesium chloride density centrifugation (33). Determinations were made with a model E analytical ultracentrifuge (Beckman Instruments, Inc., Fullerton, Calif.) equipped with an electronic scanner and were based on three or more separate determinations. Micrococcus luteus (synonym, "Micrococcus lysodeikticus") DNA was purchased from Sigma Chemical Co. and was used as the reference DNA. This DNA had a bouyant density of 1.7311 g/ml.
DNA hybridizations. The extent of DNA reassociation was determined by a spectrophotometric method and by a membrane filter method. The DNA samples used in the spectrophotometric renaturation method and the DNA samples used as probes in the membrane filter technique were sheared to fragments of about 500 k 200 base pairs by two passages through a French pressure cell at 10,000 lbhn'. The sheared DNA samples were filtered through a 0.45-pm membrane filter (Millipore Corp., Bedford, Mass.) and were dialyzed extensively against a solution containing 0.005 X SSC ( l x SSC is 0.15 M NaCl plus 0.015 M sodium citrate, pH 7.0) and 0.001 M EDTA.
Spectrophotometric renaturation studies were performed essentially by the method of De Ley et al. (13) . The kinetics of the initial rates of reassociation of DNA solutions were measured after the DNAs were denatured by heat and cooled. Reaction mixtures contained 0.25 ml of 1 O X SSC, 0.2 ml of dimethyl sulfoxide, 75 pg of DNA, and doubledistilled water to a volume of 1.0 ml. Reactions were performed as described by Nakamura and Swezey (30) and were monitored with a UV-VIS thermal analyzer system (Gilford Instrument Laboratories, Inc., Oberlin, Ohio). The relatedness values used to construct the dendrogram of strain relationships were obtained by using the unweighted pair group average algorithm (38) . Values were calculated with an IBM AT computer by using the CLUSTER.BAS program of D. Labeda (Northern Regional Research Center).
Membrane filter hybridization studies were performed as described by Denhardt (14) , with the modifications described below. DNA was labeled with 32P by nick translation (26). Denatured, unlabeled DNA was immobilized onto nitrocellulose filters (10.2 by 13.3 cm; type BA85; Schleicher & Schuell, Inc., Keene, N.H.) held in a 96-well microfiltration manifold (mini-dot blot procedure). DNA solutions in 2 x SSC-0.25 N NaOH were heated to 50°C for 15 min, chilled, and neutralized with 2.0 M Tris hydrochloride to pH 7.0, and enough 2 0~ SSC was added to bring the final concentration of the solution to lox SSC. Portions (500 ~1 ) of denatured DNA samples containing approximately twice the amount of denatured DNA required for saturation of the filter surface (50 pg) were loaded into separate wells (0.32 cm2) and were adsorbed onto the filter under a low vacuum. Each well was washed with 1.5 ml of lox SSC, and the filter was air dried for 2 h and then heated in a vacuum at 80°C. Hybridization reactions were performed in a heat-sealed plastic bag at 62°C for 24 to 26 h in a solution containing 6X SSC, 5x Denhardt solution, 20 mM Tris hydrochloride (pH 7.6), 0.1% sodium dodecyl sulfate, 2 mM EDTA, and 20 pg of sheared denatured salmon sperm DNA per ml. Filters were washed with a 6 x SSC-O.2% sodium dodecyl sulfate-5 mM EDTA solution at 62°C for 2 h with four changes of solution. The individual circles representing separate hybridizations were cut out from the filter and were counted by Cherenkov 20.5 t 7.8 9.5 t 5.1 9.4 zk 3.0 11.9 -+ 2.4 18.0 2 3.2 7.7 +-3.1 9.6 t 2.6 14.1 rrt 3.3 12.6 t 4.1 10.7 t 4.8 8.4 * 1.3 8.7 2 1.0 11.4 t 4.0 4.6 -I 2.0 7.5 2 3.9 5.2 2 0.5 13.6 2 2.2 2.2 t 0.7 4.9 2 1.4 6.8 5 1.4 5.1 i 1.3 a The following groups of strains were related: strains 49, H17c, CE-51, 12, and CE-52; strains CF4c, CFlb, CF2d, CF3, CF3a. and CF3c; and strains E21c, 1L6-31, NOR-37, B-835, and E9a.
' Mean ? standard deviation. Standard deviations were calculated from three determinations. radiation with a Beckman scintillation counter. The amount of duplex formed was measured by counting the radioactivity bound to each circle. The amount of radioactivity obtained with the probe DNA hybridizing to immobilized DNA from the same strain was considered to be the 100% value.
RESULTS
The G+C contents of the chromosomal DNAs ranged from 39.2 to 49.2 mol% ( Table 1 ). The majority of the strains had G+C contents between 39.0 and 42.0 mol%. DNA reassociation studies were done by two methods, a membrane filter method and a spectrophotometric reassociation method. Table 2 shows the results of four typical hybridization studies done by the membrane filter method. In my hands, the membrane filter method yielded values that often deviated considerably from the mean. Replicate hybridizations in which portions of the same denatured DNA sample were placed in separate wells produced values with large variances. Standard deviations as high as 16% were observed. Modifying the hybridization conditions, changing the concentrations of the probe and immobilized DNA, altering washing procedures, or changing the type of membrane used to immobilize the DNA did not significantly reduce the variance. Although individual measurements varied greatly, three groups of related strains were readily identified from the mean values (Table 2 ). The relative strain relationships were reproducible. Five separate hybridization experiments were performed with strain 49 as the probe, and each time the same relationships were observed. Strain 49 is closely related to strains H17c, 12, CE-51, and CE-52 and moderately related to strains CF3, CF2d, CFlb, CF3a, CF3c, and CF4c. Strains identified as being related by the membrane method were also shown to be related by the spectrophotometric method.
The spectrophotometric reassociation method yielded reproducible values. Standard deviations were always lower than 5% and usually lower than 3%. Table 3 shows spectrophotometric renaturation values for all 39 strains. In general, the DNA hybridization values were low (<30%) between many of the strains, indicating low genetic relatedness. Five groups of bacteria were identified as having high interstrain DNA hybridization values (>60%). Also, moderate DNA hybridization values were obtained among some strains. Strains in group 1 showed moderate DNA hybridization to group 2 strains, with consistent values of 31 to 50% between all members of the groups. DNA from strain HlOb yielded consistent hybridization values of 30 to 38% with both group 1 strains and group 2 strains. DNA from strain S2 yielded hybridization values of 30 to 34% with group 4 strains. DNA from strain D1, the type strain of the species, did not hybridize significantly to DNA from any of the other strains and hybridized only moderately to DNA from strain AcTF2 (45%). The strain relationships are summarized in Fig. 1 .
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Mean of three or more determinations (standard deviations were 55%).
strains D30g and X6C61 (group 3); strains E21c, 1L6-31, NOR-37, B-835, and E9a (group 4); and strains E46a and H4a (group 5).
DISCUSSION
G+C content data alone show that there is considerable The two methods used to measure DNA reassociation, membrane filter binding and spectrophotometric reassociation, generally yielded similar results. Both methods identified which strains were related and produced the same relative strain relationships. However, the membrane filter method yielded values with large standard deviations. The variations of the individual values were statistically too large, and I concluded that this method could not be used to accurately classify bacterial strains. The membrane filter method is useful to establish an initial organization of strains. Usually, it is not practical to test all strain combinations with the spectrophotometric method, especially when a large number of strains is involved. With the membrane filter method, a large number of hybridizations can be done in a short period of time. Strain relationships can be quickly identified, and strains that show relatedness can be further analyzed with the spectrophotometric method.
Nucleic acid analysis has shown that strains presently assigned to the species Butyrivibrio jibrisolvens actually comprise a genetically heterogeneous group of bacteria. The genetic diversity. A number of studies have shown that strains that vary in their G+C contents by more than 2 mol% can be expected to be different species (28, 34) . Therefore, the G+C values indicate that the strains of Butyrivibrio are members of a number of different species.
The DNA hybridization results present an even more complex pattern; 20 Butyrivibrio strains form five separate groups, and the other 19 strains are not closely related to any other strain. Thus, 39 strains may represent 24 different species. In analyzing the data, hybridization values of 70 to 100% were taken to indicate that strains belong to the same species, as suggested by Brenner (2) and Johnson (23) , and values of 60 to 70% indicate subspecies (23). The strains in groups 1, 2, 4, and 5 in Table 3 are strains of the same species. The strains in group 3 represent subspecies. Values below 60% are difficult to interpret, but a reasonable approach is to consider consistent values of 30 to 60% between a strain and all members of a particular group of bacteria to indicate a moderate relationship between that strain and the group of bacteria. A moderate relationship was observed On: Tue, 11 Dec 2018 02:22:03 VOL. 38, 1988 DNA RELATEDNESS AMONG B. FZBRZSOLVENS STRAINS 345 21  26  24  26  32  30  28  23  17  23  22  30  23  12  18  18  20  22  25   25  19  15  29  17  18  24  30  21  26  19  18  16  18  20  18  20  27   33  32  33  30  34  24  28  24  20  26  19  21  27  18  18  29  27   74  86  78  86  22  22  21  20  18  18  20  27  15  18  18  26   78  80  75  23  30  24  22  23  21  20  25  19  20  19  20   98  83  27  23  21  23  20  18  20  25  16  20  24  22   84  25  23  26  25  24  20  21  20  22  19  21  19  22  21  24  27  20  17  22  18  20  23  20  25   45  37  33  18  16  21  17  28  24  13  30  25  26  18  19  27  27  18  18  23  23   26  26  20  25  23  17  24  20  15  16  31  19  31  17  91  27  22  27  27  32  24  27  22  18  19  21  24  23  26  24  24  26  27  21  23  19  30  30  24  30  24  28  25  26  26 between group 1 strains and group 2 strains, between strain HlOb and both group 1 and group 2 strains, and between strain S2 and group 4 strains. Values below 30% identify strains that are not closely related genetically. The spectrophotometric method produces background values of about 14 to 15%, so values below 30% have little statistical significance.
In most cases, no correlation was observed between the source or location of the strains and DNA relatedness. Four of the groups contained strains that were isolated from the rumina of different animals in different parts of the world. For example, in group 1 strain 49 was isolated from a cow in Beltsville, Md., strain H17c was isolated from a steer in Wooster, Ohio, and strains CE-51, CE-52, and 12 were isolated from sheep in Pretoria, South Africa. Furthermore, strains isolated from the same source sometimes were related but often displayed no DNA relatedness. Strains H4a, HlOb, H13b, and H17c, which were isolated from the same steer, were shown by DNA hybridization results to comprise four separate species. Similar results have been obtained in my laboratory with strains included in the species Bacteroides ruminocola (unpublished data); that is, strains obtained from a single animal and presently classified as the same species actually comprise a number of different spe-cies. The data suggest that the complexity of gastrointestinal populations is probably greater than previously perceived.
Diversity among strains of Butyrivibrio has been reported by many authors. Numerous differences in size, shape, flagella, motility, substrates fermented or hydrolyzed, fermentation products, biochemical tests, and nutritional requirements have been observed (4, 7, 17, 22, 35, 39) . Butyrivibrios were originally described as gram-negative organisms, but were later reclassified when some of the members were found to have gram-positive characteristics. Sharpe et al. (36) identified membrane glycerol techoic acid in some strains of Butyrivibrio. This antigenic determinant is thought to occur only in gram-positive organisms. Of the strains included in this study, strains 49, 12, NOR-37, and 1L6-31 had glycerol techoic acid, while strains DIT (T = type strain) and A38 did not. In Bergey's Manual of Systematic Bacteriology (3), Bryant classifies the genus Butyrivibrio under both types, gram-positive and gram-negative bacteria. Sharpe and Reiter (37) , Cheng and Costerton (6) , Hazlewood et al. (18) , and Dibbayawan et al. (15) studied the cell walls of some butyrivibrios by electron microscopy. These authors found that the walls of strains DIT, C3, and S2 resemble gram-positive walls, while the walls of strains 49, B-835, NOR-37, and LM8/1B have the trilaminar appearance characteristic of gram-negative bacteria. These results indicate significant cell wall differences among butyrivibrios. Recently, Stack (38a) analyzed the extracellular polysaccharides produced by 37 strains of Butyrivibrio. The neutral sugar compositions of the polysaccharides varied considerably among strains. On the basis of the differences in sugar content the strains were sorted into groups. Although some differences exist, the groups of Stack generally resemble the groups obtained in this study.
Because of the many differences reported previously, DNA heterogeneity among the strains of Butyrivibrio was expected. However, the extent of the heterogeneity observed was not expected, and additional strains need to be analyzed to establish relationships more clearly. Therefore, any attempt to describe the genus at this time is premature. The large differences in G+C content and the general low DNA hybridization values observed in this study and the reported differences in cell wall composition (6, 15, 18, 36, 37) suggest that the genus Butyrivibrio should probably be divided into several genera. DNA hybridization values are stringent in that they identify only closely or moderately related strains. Distant relationships are not as clearly resolved. Presently, co-workers and I have started to determine 16s ribosomal ribonucleic acid sequences of representative strains. With this method we hope to clarify the distant strain relationships. When these results are obtained, they can be pooled with the considerable amount of data already available, and a complete characterization of the genus Butyrivibrio should be possible.
